INTRODUCTION
Currently, stud connectors are widely used in beams and bridge girders to form composite action between steel and concrete. Composite beams have gained popularity in bridges since the 1950s due to the contributions of Viest on the stud shear connectors (1956a,b; 1960) . Their primary growth in building construction was a result of the simplified design provisions introduced into the 1961 AISC specification (Driscoll and Slutter 1961) . The work done at Lehigh University (Ollgaard et al. 1971 ) and later introduced into AASHTO and AISC specifications provided guidelines for the use of lightweight and normalweight concrete in the composite beams.
Thus far, research on stud connections is conducted at two levels: the pushout subassemblage level and composite beam level. Test results from pushout specimens can be used for designing composite beams because they give conservative values of the ultimate strength (Driscoll and Slutter 1961) . Previous research (Ollgaard et al. 1971; Oehlers and Foley 1985; Yen et al. 1997; Bursi and Gramola 1999) on both levels revealed that concrete fracture contributed to the failure of pushout specimens or composite beams, as can be seen in Fig. 1 . As illustrated by the pushout specimen in Fig. 1(a) , the concrete was fractured on one side of the stud shank due to the stress concentration near the stud head. On the other side of the stud shank, the concrete was crushed due to high bearing stress of the shank of the stud. Figure 1( b) shows the failure of a composite beam under flexural loading, where the test configuration is shown in Figure 1 (c). Failure occurs by a longitudinal splitting crack between two rows of shear studs.
Until now, the research on stud connections has only concentrated on systems involving steel studs in concrete and mortar. Because the catastrophic fracture failure may be attributed to high stress concentration induced by the stiff steel stud bearing against the brittle concrete materials, it seems that using a more ductile concrete material may result in improved performance for stud connections in terms of structural strength, ductility, and integrity.
A number of recent studies have indicated that engineered cementitious composites (ECC) (Li 1993) , a unique type of high-performance fiber-reinforced cementitious composites (HPFRCCs), shows promise in overcoming the stress concentration problems (Li 1998) . Based on a micromechanics design approach, ECC shows strain hardening behavior in tension accompanied by saturated multiple cracking, while only using a small volume fraction of fibers (typically less than 2%). Particularly, unlike brittle concrete/mortar, ECC Title no. 103-M08
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by Shunzhi Qian and Victor C. Li (Ollgaard et al. 1971); (b) composite beam failed by longitudinal splitting crack between two rows of shear studs (Yen et al. 1997); test configuration of stud connection on the composite beam level (Yen et al. 1997) . reveals a high damage-tolerant behavior under stress concentration induced by steel/concrete interaction in a number of experimental studies (Kanda et al. 1998; ParraMontesinos and Wight 2000; Li 2002; Kesner and Billington 2002) involving subassemblages where steel and concrete/ ECC come into contact with one another. These observations suggest the possibility of adopting ECC to replace concrete in stud connections to avoid fracture failure.
As mentioned previously, the primary cause for brittle fracture failure of concrete in stud connections is its brittleness. With a tensile strain capacity of approximately 3% and fracture energy of 34 kN/m (194 lb/in.) (approximately three orders of magnitude those of normal concrete, which typically has corresponding value of 0.01% and 30 N/m [0.17 lb/in.], respectively) in ECC, the use of this material is expected to switch the failure mode from brittle concrete failure to ductile ECC yielding or even steel stud shank yielding in the stud connection. The corresponding structural ductility (slip capacity) and strength of the ECC/shear connection system may be enhanced because the presence of ECC allows plastic yielding of the matrix material, delaying the onset of final fracture failure if it happens at all. The enhanced ductility of stud connections should aid in redistributing the load among nearby shear studs, particularly important for a precast bridge deck system where shear connectors are evenly distributed in the shear span while the horizontal shear force is not uniform.
The objective of this study is to investigate the influence of tensile ductility of ECC material on the shear response of stud connections on the pushout specimen level, and the feasibility of using ductile ECC to replace concrete in stud connections to enhance the performance of structures with stud connectors.
RESEARCH SIGNIFICANCE
A new approach and material solution-using material ductility to overcome brittle concrete fracture failure in steel/ concrete interaction zones-are proposed and investigated preliminarily. In this study, special attention is paid to the use of ECC ductility to avoid concrete catastrophic failure in stud connections of composite structures. In addition to a more desirable failure mode, ECC/stud connections can achieve significantly higher structural strength, ductility, and integrity, which is demonstrated by pushout test results with different concrete materials, including ECC, SFRC, reinforced concrete (RC), and plain concrete. This significant enhancement of structural response suggests that the use of ECC materials can be effective in redistributing loads among the shear studs and in improving composite action between steel girders and concrete bridge decks.
EXPERIMENTAL PROGRAM Materials
The investigated concrete materials with significantly different tensile strain capacity (material ductility) are shown in Test Group 1 of Table 1 , including Concrete 1, RC 1, SFRC 1, and ECC 1. The ECCs adopted in the present study have a tensile strain capacity approximately 250 times that of normal concrete. Group 2 (Concrete 2 and ECC 2) was used to investigate the influence of compressive strength on the shear response of the stud connections. Groups 1 and 2 have target compressive strengths of 55 and 40 MPa (8.0 and 5.8 ksi), respectively. The actual compressive strength realized is listed in Table 2 .
By uniaxial tension test, both ECC 1 and 2 show a strain capacity around 2.5% at 28 days, revealed in Fig. 2 modulus of elasticity of concrete and ECC were measured by using standard cylinder specimens in compression test. It is worth mentioning that the modulus measured from both compression test and uniaxial tension test of ECC specimens agree well.
The shear studs used in this test were made from Grade 1018 cold-drawn bars, conforming to AASHTO M169 (ASTM A 108), "Standard Specification for Steel Bars, Carbon, Cold-Finished, Standard Quality." The ultimate tensile strength of studs and the modulus of elasticity are 635 MPa and 205 GPa (92.1 and 29,732.7 ksi), respectively. The geometry of a shear stud is shown in Fig. 3 .
Preparation of specimens and testing
The geometry of the pushout specimen is shown in Fig. 4 . Two substrate slabs, with a dimension of 305 x 305 x 152 mm (12 x 12 x 6 in.), were connected with a wide flange steel beam W8X40 with two shear studs welded on each side of the beam. The geometry is adopted from Ollgaard et al. (1971) . During casting, the material was placed from the top of the specimen. Therefore, the steel beam remained vertical to ensure that the horizontal loading plane is parallel to the bottom of the specimen. Even though this casting orientation is different from field conditions, the pouring direction is thought to be unimportant because polyvinyl alcohol (PVA) fibers in ECC are likely to be randomly distributed in a threedimensional state. To ensure the symmetry of the two slabs, the plywood molds were constructed using two integral side plates and a single bottom plate.
The ECC specimens were cured in air, and other specimens cured in water for 28 days. In total, 14 specimens were tested, including two specimens for each material except ECC 1 and Concrete 2, where three specimens were tested. Testing was conducted on a 2224 kN (500 kip) capacity Instron testing machine, as shown in Fig. 5 . Four linear variable displacement transducers (LVDTs) were mounted on the steel beam at the level of the shear studs to measure the slip between the beam and concrete slabs. An average value was taken from these four measurements. The loading surface was ground for uniform load distribution before testing, and a ball support was used to maintain the alignment of the specimens.
Table 2-Material properties and structural behavior of ECC and other concrete material pushout specimens
Concrete 1 0.01 * 52.3 ± 3.6 (7.6 ± 0.5)
28.6 ± 1.8 
EXPERIMENTAL RESULTS AND DISCUSSION Pushout behavior
Concrete and ECC-Overall, the pushout behavior of ECC specimens is significantly better than concrete ones in terms of failure mode, load capacity, slip capacity, and structural integrity. As shown in Fig. 6 and 7, the failure mode of the stud connection switched from brittle concrete fracture in concrete specimens to ductile multiple cracking of ECC and steel yielding in ECC specimens. This leads to a higher ductility of ECC/stud connections at higher peak load, as indicated in Fig. 8(a) and (b) , and Fig. 9(a) and (b) .
In concrete pushout tests, as loading approached the peak value (around 95% of peak value for both Concrete 1 and 2), large cracks (crack width approximately 2 mm [0.079 in.]) formed in the concrete near the shear studs and developed rapidly throughout the entire specimen as the peak load was reached. As revealed in Fig. 6 , concrete specimens fractured into several pieces after testing, with fracture clearly initiated from near the head of the shear studs. The sudden drop after peak load in Fig. 8(a) and 9(a) demonstrates that after the concrete was fractured, the bearing resistance of concrete near the stud head was drastically reduced. The concrete under the shear stud was crushed due to the large bearing stress of the stud shank. The high stress concentration induced by the stiff steel stud combined with the brittle nature of concrete led to the rapid development of macrocracks, resulting in the catastrophic failure of concrete pushout specimens. Limited yield of the steel stud at the base of the shank was observed. However, failure of the stud was never observed.
Conversely, ECC specimens showed a ductile failure mode due to their unique strain-hardening behavior. The pushout behavior of both ECC mixtures is similar. During the linear elastic stage in Fig. 8 (b) and 9(b), no cracks could be observed from the surfaces of the ECC pushout specimens (one of the test curves in Fig. 8(b) shows somewhat different behavior in the initial loading stage, possibly due to a load misalignment problem). As the load increased, a few
Fig. 6-Concrete pushout specimen after test showing brittle fracture failure (similar for Concrete 1 and 2). Macrocracks (crack width approximately 2 mm [0.079 in.]) are observed on: (a) outside; and (b) inside (natural fracture surface along shear stud) of specimen.

Fig. 7-ECC specimen after test showing ductile failure mode (similar for both ECC 1 and ECC 2) (crack width is approximately 40 µm [0.0016 in.], magnified by ink pen for clarity). Microcracks observed on: (a) outside; and (b)
inside (cut section along shear stud) of specimen.
Fig. 8-Comparison of pushout load-displacement relation for Test Group 1.
microcracks appeared on the surface, accompanied by the beginning of inelastic range in the load-slip curve. When peak load was reached, more microcracks radiated from the shear stud and developed outward, as shown in Fig. 7 . In some cases, a dominant crack was initiated, but diffused into many microcracks (microcrack width = 42 ± 20 µm [0.0017 ± 0.0008 in.]) due to the ductile nature of ECC in tension and propagated slowly. Because the ECC near the stud head developed a large microcrack zone and the bearing side resisted the compressive force well, the ECC load-slip curve showed a large inelastic range (Fig. 8(b) and  9(b) ). The large slip capacity revealed in the ECC specimens indicates the feasibility of engaging adjacent shear studs in sharing the shear load and improving the composite action between steel girder and concrete bridge deck.
For both ECC 1 and 2 specimens, the peak load is generally associated with the localization of one of the microcracks into a fracture, even though fracture of the steel shank eventually led to a drastic load-drop, which suggests that the ductility of the ECC and the steel stud are fully used. Overall, this indicates that the replacement of concrete by ECC materials allows for plastic yielding of the matrix material, resulting in a large deformation of the stud shank, and finally a shift of the failure from concrete brittle fracture to ductile damage process of ECC materials and eventual fracture of the stud shank after extensive plastic deformation.
As mentioned previously, a ball support was used to maintain the alignment of the specimens. Due to the relatively large friction for the ball support to rotate, however, it may be advisable to preload the specimen to mitigate alignment problems, otherwise initial loading stage may show unrealistic load-displacement response, as shown in Fig. 8(a) and (c) .
Influence of reinforcement-In addition to plain concrete and ECC pushout specimens, the RC and SFRC pushout tests were conducted to consider the influence of reinforcement on pushout behavior. As expected, the addition of reinforcing bar and steel fiber in concrete pushout specimens did improve the overall structural performance to some extent, as shown in Fig. 10 and 11 . Both of them, however, are inferior to ECC specimens in terms of load capacity, ductility, and structural integrity, as revealed in Fig. 7, 8 , 10, and 11.
Reinforced concrete specimens developed macrocracks in the concrete rapidly near peak load with the fracture plane cutting through the thickness of the specimen. Nevertheless, the confinement of reinforcing bar led to less catastrophic softening behavior after the peak load compared with plain concrete specimens and the crack width maintained approximately 2 mm (0.079 in). As for the SFRC, the failure process is very similar to that of RC specimens. Instead of reinforcing bar, steel fiber restrained opening of macrocracks, leading to a less catastrophic softening response.
Load-carrying capacity of stud connection
Concrete and ECC-According to the AASHTO LRFD code (developed based on the test results of Ollgaard et al. [1971] ), the ultimate strength of a concrete/stud connection is as follows where A sc = cross-sectional area of a stud shear connector (mm 2 2 ) in the present experiment; f ′ c = specified 28-day compressive strength of concrete (MPa [ksi] ); E c = elastic modulus of concrete (MPa [ksi]); and F u = ultimate tensile strength of a stud shear connector (MPa [ksi]). Table 2 shows the computed ultimate strength Q n of a shear stud in the matrix, assuming the validity of AASHTO equation for all concrete materials, along with measured strength Q m , slip capacity S c , and crack width w c . In all cases, the computed Q n is governed by 0.5A sc , which is lower than A sc F u (180 kN [40.5 kips]). Table 2 revealed that the measured strength of an ECC stud connection is much higher than that of a concrete stud connection even though the computed strength of the ECC stud connection should be approximately the same or even lower than that of the concrete stud connection. This suggests that material ductility of ECC plays a more significant role than does compressive strength in improving the connection response.
The measured strength of the studs in Concrete 2 is 129.6 kN (29.1 kips), within 8% of the calculated value of 140.3 kN (31.5 kips). This is as expected because the specimen setup used in this study is similar to the pushout tests performed by Ollgaard et al. (1971) . In both tests, brittle fracture of concrete was the dominant factor controlling the peak load. As for Concrete 1, however, the measured strength is much lower than the computed one, which may be a result of its higher brittleness with increasing compressive strength compared with Concrete 2. Therefore, the AASHTO design equation may not give a conservative prediction when the compressive strength of concrete increases.
The measured strength Q m of a stud in ECC 1 and ECC 2 are approximately 192.3 and 160.9 kN (43.2 and 36.2 kips), approximately 30 and 20% higher than the calculated values Q n , and 53 and 24% higher than the measured strength of Concrete 1 and Concrete 2, respectively. This is mainly due to the fact that the compressive strength, a main contributing factor in the AASHTO equation for design of studs in concrete, is not necessarily relevant to the failure of ECC stud connections. Instead, the initial high stress concentration induced by the stud/ECC interaction caused yielding of the ECC, resulting in stress redistribution and delay of fracture localization in the ECC, thus leading to a higher load capacity of the ECC specimens. Therefore, the direct adoption of the AASHTO equation for ECC material will be excessively conservative. The actual failure mechanism of ECC specimens, that is, fracturing of the stud shank near the welds, suggests that A sc F u may be used to better predict the load capacity. Furthermore, the greatly enhanced ductility and structural integrity of ECC/stud connection need to be addressed in the design procedure if ECC were to be used in stud connections of composite structures.
Influence of reinforcement-An and Cederwall (1996) indicated a 6% increase in measured strength by addition of steel reinforcing bar in plain concrete, while as revealed in Table 2 , the measured strength of RC 1 increased by approximately 20% compared with that of Concrete 1. This may be attributed to the significantly higher amount of steel reinforcement in this study (approximately 0.56 and 0.86% in longitudinal and transverse directions, respectively) compared with regular design (0.3% for both directions in AASHTO LRFD empirical design). With such large reinforcement ratios, however, the measured strength of studs in RC 1 is 15% less than the computed value. This could be due to the relatively low concrete strength range tested in Ollgaard et al. (1971) f ′ c E c and ignoring the fracture failure mechanism in formulating the AASHTO design equation for stud connection.
Among normal concrete materials of Group 1 (Concrete 1, RC 1, and SFRC 1), SFRC 1 shows the best reinforcing result, that is, comparable measured and computed strength, even though its measured strength is still lower than that of ECC 1. It seems that the steel fibers help concrete gain higher ductility (even though still much smaller than ECC), resulting in higher structural strength than plain concrete and RC. Similarly, the extremely ductile PVA-ECC achieves the highest load capacity among all materials tested. Moreover, the slip capacity S c (structural ductility) of the different materials increases with higher strain capacity, as shown in Table 2 . Finally, it is worth mentioning that the ECC specimens show excellent structural integrity at peak load (despite the presence of many microcracks with approximately 40 µm [0.0016 in.] crack width), while the concrete and the SFRC specimens show large fractures with crack width approximately 2 mm (0.079 in.) at peak load. Hence, the repair cost for composite structures may be significantly reduced when ECC is used in stud connections.
CONCLUSIONS
This study summarizes the results of pushout tests on stud connections consisting of 14 specimens made with four different concrete materials in two groups. The main objective of this investigation was to evaluate the influence of concrete material ductility on structural response of stud connections. Four concrete materials with different tensile strain capacity (ductility) were examined. The following conclusions can be drawn from this study:
1. A new approach and material solution-exploiting ECC material ductility to overcome matrix brittle fracture failure in steel/concrete interaction zones was proposed and investigated preliminarily. The feasibility of this approach was demonstrated by a case study of shear response of stud connections, in which concrete was replaced with ECC. The test results confirm switching of the failure mode from brittle matrix fracture to ductile matrix/steel yielding and much improved structural integrity; 2. ECC specimens achieved much higher load capacity and slip capacity compared with concrete specimens with similar compressive strength due to their high tensile strain capacity. Twenty-four to fifty-three percent increases in load capacity and 220% increase in slip capacity were achieved in the test range. While concrete pushout specimens failed by brittle fracture failure associated with a lower ultimate strength, the ECC pushout specimens were gradually damaged by ductile yielding of ECC materials and plastic deformation of steel stud, resulting in a higher load-carrying capacity, even though fracture of the steel shank eventually led to a drastic load-drop. This phenomenon is due to the ductile nature of the ECC material that ensures a shift of failure mode from brittle concrete fracture to ductile yielding of ECC materials and eventual fracture of the stud shank after extensive plastic deformation. This significant enhancement of ductility suggests that the use of ECC material can be effective in redistributing loads among the shear studs and in improving composite action between steel girder and concrete bridge deck; 3. Material strength cannot be directly correlated to structural strength, which seems to increase with higher concrete material ductility in the present test series. Hence, good structural performance requires a balanced material strength and ductility. ECC is one unique type of highperformance fiber-reinforced cementitious composite satisfying this requirement; and 4. The AASHTO equation for the ultimate strength of a concrete/stud connection (Eq. (1)) accurately predicts the load capacity of stud connections for normal concrete and overestimates that of higher strength concrete, possibly caused by its increased brittleness. Conversely, this equation much underestimates the load capacity of ECC/stud connections because the equation cannot take into account the actual failure mechanism of the ECC pushout specimens. A revised predictive equation governing strength of stud connections accounting for material ductility needs to be developed.
